Abstract -A substantial body of carcinogenicity data is available for benzo[a)-pyrene (BP), benzo[a)anthracene (BA), and numerous known and potential metabolites of these polycyclic hydrocarbons. The tumor data firmly establish that the 7,8-dihydrodiol of BP and the 3,4-dihydrodiol of BA are proximate carcinogens and that the 7,8-diol 9,10-epoxides and the 3,4-diol 1,2-epoxides are ultimate carcinogens derived metabolically from the respective hydrocarbons. The data support the "bay region" theory of hydrocarbon induced carcinogenicity which asserts that diol epoxides an angular benze rings of polycyclic hydrocarbons, in which the epoxide ring forms part of a "bay region" of the hydrocarbon are prime candidates for ultimate carcinogens. Perturbational molecular orbital calculations indicate that electronic properties of the 71-electron system are responsible for the unusually high chemical reactivity of such diol epoxides.
INTRODUCTION
The polycyclic aromatic hydrocarbon benzo[a)pyrene (BI') is one of the most prevalent environmental carcinogens to which man is exposed. As little as 0.10 IJIDOl to 0.15 IJIDOl of BP applied once every two weeks to the backs of C57BL/6J mice produces a 100% incidence. of Squamous cell carcinoma cn the skin of the animals while one 0.4 IJIDOl dose followed twice weekly by a promoting agent for 20-30 weeks causes a 90% tumor incidence in the animals, and the tumor yield is 4-8 papillomas per mause. In the United States alone, over 1300 tons of this carcinogen are released into the environment each year as an unfortunate by-product of numerous combustion processes (Ref. 1). Since BP is relatively inert, it is thought to exert its carcinogenic activity through a metabolically formed reactive intermediate(s) which covalently interacts with cellular macromolecules such as DNA, RNA, and protein (Ref.
2). BP, like other carcinogenic and noncarcinogenic aromatic hydrocarbons (Ref. 3 & 4) , is first converted to arene oxides at several positions by the cytochrome P-450 mixed function oxidases in the endoplasmic reticulum of cells (cf. Ref. 5) . Once formed, these arene oxides are subject to spontaneaus isomerization to phenols (Ref. 6) , chemical or enzymatic conjugation with the thiol group in glutathione (Ref. 7) , enzymatic hydration to transdihydrodiols by the action of epoxide hydrase (Ref. 8 & 9) , and covalent interaction with nucleophiles within the cell (Fig. 1) . Formation of arene oxides at the 4,5-, 7,8-, and 9,10-positions are known to represent the substantial precentages of the total metabolism of BP, and tbese arene oxides can isomerize spontaneously to phenols. The very unstable 1,2-and 2,3-arene oxides probably account for the 1-and 3-hydroxy-BP (1-and 3-HOBP) known to be metabolites. In addition, 6-HOBP is formed and autoxidized to quinones involving the 6-position (Ref. 10 & 11) . Since the reactive metabolite(s) responsible for the biological activity of BP may represent only a very small percentage of the total metabolites and since the reactive species may not be directly detectable due to its reactivity, metabolism studies may be of limited value in attempting to identify the suspect molecule. For this reason, our laboratories undertook a systematic evaluation of all the known and potential metabolites of BP which could be readily synthesized (Ref. 12) in an attempt to identify the metabolic pathway(s) responsible for the carcinogenic activity. Although other approaches to the identification of ultimate carcinogens from BP, such as mutagenicity, cell transformation, and covalent binding to nucl.eic acid, have been undertaken by other laboratories as well as our own (cf. Ref. 13 ), only carcinogenicity data will be considered here. 
CARCINOGENICITY OF BP DERIVATIVES
Carcinogenicity of arene oxides Carcinogenicity of BP and BP 4,5-, 7,8-, 9,10-, and 11,12-oxides has been tested by app1ica-tion of each compound once every two weeks to the backs of C57BL/6J mice for 60 weeks (Ref.
14 & 15). Doses of 0.1 ~mol and 0.4 ~mol were selected (Fig. 2) in ordertobe able to detect carcinogens which are significantly less active than BP, since the dose of 0.1 ~mol causes tum0rs in nearly all of the animals treated with BP. Both BP 9,10-and 11,12-oxides were inactive at the doses tested, and BP, 4,5-oxide produced only one skin tum0r among the 30 mice tested. In contrast, BP 7,8-oxide was a potent carcinogen at the high dose, although clearly less active than BP when tested at the lower dose. Histological examination established that almost all of the tumors produced by BP and BP 7,8-oxide were Squamous cell carcinomas. Thus, both BP and BP 7,8-oxide are comp]ete carcinogens on mouse skjn, Preliminary data (unpublished) are now available on the carcinogenic activity of these four arene oxides upon intraperitoneal injection into riewborn mice. As in the skin model, BP 7,8-oxide is much more tumorigenic (pulmon.ary adenomas) than the 4,5-, 9,10-, and 11,12-oxides of BP. These arene oxides have also been tested for their skin tumor initiating abilities. In these experiments, a single dose of 0.2 ~mol of each compound was applied once to the backs of CD-1 mice followed by twice weekly applications of 10 ~g of the promoting agent 12-0-tetradecanoylphorbol-13-acetate (16, 17) . The data parallel the chronic studies on skin and the experiments in the newborn in that BP 7,8-oxide had appreciable but lower tumor-initiating activity than BP while the other three arene oxides were much weaker in activity.
The bay region theory 
Carcinogenicity of phenols 1035
Several experiments have been done to determine whether BP 7,8-oxide acts directly as a carcinogen. Since non-K-region arene oxides readily isomerize to phenols (6), the tweleve possible isomeric phenols of BP were tested as complete carcinogens by chronic application to ;!louse skin at the 0.4 1Jmol dose (Fig. 3 , Ref. 15, 18) with the result that 2-HOBP was equipotent to BP, 11-HOBP was weakly active and the remai.nder of the phenols were inactive. Similar results were obtained from initiation-promotion experiments (19) where 11-HOBP was moderately active, BP and 2-HOBP were strong tumor intitiators, and the remaining phenols had less than 5% of the activity of BP. Clearly, the activity of BP 7,8-oxide cannot be due to its phenolic isomerization products. Althcugh 6-HOBP has been considered as a possible ultimate carcinogen because of its facile convereion to 6-oxy-BP (Ref. 20 & 21) , this possibi.lity seems unlike.ly in light of the rresent data and its lack of activity in the newborn mouse (unpublished). The sur~rising high activity of 2-HOBP, which is even more active than BP in the newborn mouse (unpubU.shed), is under further study.
Carcinogenid.ty of dihydrodiols Since BP 7,8-oxide is the metabolic precursor of BP 7,8-dihydrodiol (Fig. 1) , the dihydrodiol was tested as a complete carcinogen by chronic application to mause skin (Fig. 4 .... ndicates that the 9,10-double band is important in their sequential metabolic transformation into ultimate carcinogens. If BP 7,8-dihydrodiol is a proxi.mate carcinogen from BP, it should be signi.ficantly more active tha.n BP as a carcinogen. When BP and the 7 ,8-dihydrodiol were compared for tumorigenicity in the dose range of 0.025-0.10 ~mol, the dihydrodiol was indeed more active but only to a small extent (Ref. 23 ). Attempts to demonstrate higher activity for the dihydrodiol by initiation-promotion experiments have indeed shown BP 7,8-dihydrodiol to be a potent initiator although the dihydrodiol was found to be either equal to (Ref. 16, 17) or slightly less active (Ref. 24 ) tha.n BP. Since all of the dihydrodiols produced from BP by liver microsomes are highly optically active (25) , the optical enantiomers of BP 7,8-dihydrodiol were examined in an initiation-promotion experiment (26) .
The data indicate the the (-)-enantiomer is 5-to 10-fold more potent than the (+)-enantiomer as a tumor initiator (Fig. 5 ) and that the (-)-enantiomer caused about 50% more papillomas per mause than did BP at an initiating dose of 0.1 ~mal. The initiationpromotion study whi.ch found BP 7,8-dihydrodiol slightly less active than BP (Ref. 24 ) is somwhat surprising in light of the fact that the dihydrodiol used was biosynthetic. Since this dihydrodiol was probably the (-)-enantiomer (Ref. 25) , much higher activity would be expected. is of particular interest since the close proximity of the 7-hydroxyl group to the epoxide oxygen in isomer 1 causes markedly enhanced chemical reactivity relative to isomer 2, presumably due to-anchimeric assistance to attack on the epoxide (Ref. 30, 31 A unique structural feature of the 7,8-diol-9,10-epoxides is tha.t the epoxide ring forms part of a "bay-region" in the hydrocarbon. For BP, the "bay-region" is the hindered area bet•:een the 10-and 11-positions. The term "bayregion" originates from the field of proton magnetic resonance where hydrogens in such positions have been noted to resonate l:>elow the usual aromatic e.nvelope due to edge deshi.elding by the. proximate aromatic ring (Ref. 36) . The siruplest example of a "bay-region" is the hindered area between the 4-and 5-positions of phe.nanthrene. The basic hypothesis of the "bay-region" the.ory is that a diol epoxide be formed an a saturated, angular benzering such th<~.t the oxirane ring forms part of a "bay-region" of the hydrocarbon. A principle role of the dihydrodiol as a precursor is to provide a metabolic pathway to an aliphatic epoxide rather than an arene oxide since aliphatic epoxides are more susceptible to nucleophi.lic attack relative to other solvolytic processes (Ref. 37 ). This point is illustrated by the fact that the 7,8-diol-9,10-epoxides of BP hydrolyze to mixtures of tetraals with only trace amounts of the 7,8-diol-9,10-keto isomerization product produced in the acidic to basic pH range (Ref. 31) . Initial biological support for the "bay-region" theory came from reinterpretation of existing carcinogenicity data which indicated that alkyl or ha.logen subE~titution an the critical benze-ring markedly reduced carcinogenicity relative to the parent hydrocarbon (Ref. 35, 38 & 39) . Such sub8titution js expected to sub8tantially reduce the rate of enzymatic epoxidation at the formal double band to which the. Substituent is attached. Fig. 7 (see next page) , where !arger values of 1' 1 Edelc/ ß signify greater ease of carbonium ion formation. As is shown for benzo [a] anthracene, formation of a carbonium i.on an a saturated, terminal ring is always easiest when thi.s carbonium ion forms part of a "bay-region." The calculations also allow a qualitative ranking of hydrocarbons for carcinogenicity (Fig. 7) based an the ease of formati.on of the. "be.y-regi.on" carbonium ion (Ref. 39, 41 & 42) .
TUMORIGEl-liCITY OF BENZO[a]ANTHRi\CENE DIHYDRODIOLS
The hydrocarbon benzo[a]anthracene. (BA) was s,elected as the fi.rst compound to be examined as a test of the. "bay-regi.on" the.ory. Even though BA is considered to be a rather weak carcinogen, the perturbati.onal molecul.ar orbital calculations indicate the ease of carbonium ion formation i.n the "bay-regi.on" i. Thus, the metabolic precursor of BA 3,4-diol-1,2-epoxides was anticipated to showstreng biological activity. Furthermore, BA provides an excellent model for studies an the much morepotent carcinogens 7-methylbe.nzo[a]anthracene, 7,12-dimethylbenzo[a]anthracene., and 3-methylcholanthrene since all four hydrocarbons sh<~.re the same 'IT-electron skeleton. The five metabolically probable dihydrodiols (Fig. 8) and most of the corresponding diol epoxides were synthesized fcr bi.olcgical testing (Re.f. 43 & 44) . Initial experiments an the ability of the cytochrome P-450 system to metabolically activate BA and the. dihydrodiols to mutagens (Ref. 45 ) and an the mutagenic activity of the diol epoxides toward bacterial and mammalian cells (Ref. 46 ) provided streng support for the "bay-region" theory in the.t the BA 3,4-dihydrodiol and the diastereomeric BA 3,4-diol-1,2-epoxides had the highest activity. 
CONCLUSIONS
Since definitive proof for the identification of an ultimate carcinogen can only come from carcinogenicity studies, there are only two examples of polycyclic arom8tic hydrocarbons for whl.ch ultimate carcinogens are known; the 7,8-diol-9,10-epoxides from BP and the 3,4-diol-1,2-epoxides of BA where the epoxide forms part of a "bay-region" in each case. Additional indirect support is, however, available in support of the "bay-region" theory. Studies on the metabolic activatl.on of chrysene and its three metabolically probable dihydrodiols (Fig. 9 ) to a compound mutagenic to bacteria have shown the.t the 1,2-dihydrodiol which has a ~,oo~ 00:4 agents in each case. These latter studies are particularly important in that the.y suggest that the "bay-region theory applies to substituted as well as unsubsti.tuted polycyclic aromatic hydrocarbons.
